Abstract. This paper summarizes the results of experimental studies revealing a multimodal character of the function of size distribution of Si nanoclusters in light-emitting SiO 2 :Si structures. To explain the nature of this multimodality, a «liquid» approach to the description of the coalescence stage based on taking into account the correlation effects caused by particle-particle interactions in the space of sizes is proposed. This approach is justified by a high concentration of solutions where the nuclei of the new phase are described by a multimodal function of size distribution.
1. One of the greatest challenges for the present-day IR optoelectronics is creation of silicon-based light-emiting devices. In the recent years, much hope was pinned on silicon nanoclusters acting as quantum dots. This line of work was inspired by the observation of quite bright luminescence in the visible spectral range, caused by silicon precipitates of nanometer sizes [1] . A correlation between the size of silicon nanoparticles and the spectral composition of the light emitted by them has already been reported [24] . As many researchers believe, this fact indicates that the nature of this emission is associated with quantum-dimensional effects. Renormalization of the electron bands in Si caused by the quantum-dimensional effect was analyzed [5, 6] and the results are indeed in good agreement with both the spectral composition of the luminescence and with the fact of its dramatic enhancement for the case of quantum dot-shaped structures. In view of the above, it is important to study the factors that under various conditions define the function of the size distribution of the quantum dots F(R). The problem is that, as indicated by analysis of the experimental data available up to now [2, 3, 7] , silicon nanoparticles in high-concentration solutions are formed according to a scenario which in some respects differs from that described by the wellknown coalescence model [8, 9] .
The objective of the present paper is to analyze those experimental data available for the SiO 2 :Si system which do not fit into the existing views on the growth of the new phase nuclei in the process of a diffusion-controlled phase decomposition of supersaturated solid solutions at the stage of overcondensation, and to describe a theoretical model capable of explaining them. 2. There are several techniques used to create silicon quantum dots. One of the most promising technologies is based on a heavy-dose implantation of high-energy Si + ions into SiO 2 followed by isothermal annealing, which results in formation of silicon precipitates in SiO 2 . The results obtained [2, 4] and other works have revealed the most favorable conditions for the formation of silicon nanoparticles with a high quantum efficiency and designated spectrum of emission. These conditions are: Si + ion beam energy of 200 to 250 KeV, implantation dose ranging from 6⋅10 16 to 6⋅10 17 cm -2 ; annealing temperature from 1100 to 1300°C, annealing time ranging from 15 to 120 min, and nitrogen as a preferred annealing ambient. The initial samples subjected to ion implantation are silicon wafers with a thin (~500 nm) SiO 2 layer grown on them. With these technological parameters, implantation of SiO 2 with Si + ions followed by annealing creates in the SiO 2 layer silicon precipitates with ÔÊÎ, 1(1), 1998 SQO, 1(1), 1998 sizes ranging from 2 to 16 nm, which exhibit photoluminescence in the 650 to 1000 nm spectral range. As for the experimental data on the growth kinetics of these precipitates [2, 4, 7] , they were explained in terms of the conventional coalescence model. According to this model, when the solution reaches a certain level of supersaturation at the first stage the fluctuations result in the emergence of nuclei of the new phase with the critical size R 0 inversely proportional to the supersaturation level ∆µ o . Formation and the subsequent growth of these nuclei is accompanied with a reduction of the supersaturation to a level ∆µ 1 , which allows new nuclei with a size R 1 > R 0 to emerge. The precipitated nuclei of R 1 size result in a further decrease of the supersaturation level, and so on until at a steady-state supersaturation level formation of nuclei of a new size R K becomes unfavorable from the viewpoint of thermodynamics. At a steady-state supersaturation level ∆µ K , any further growth of nuclei having «supercritical» sizes is possible only at the expense of consumption of smaller nuclei, i.e. due to dissolution of nuclei having «subcritical» sizes. In the framework of this scenario, well-known analytical expressions [8, 9] describe the evolution in time of the nucleis size R(t), number M(t), and define the function F(R). Let us compare the functions defined by these expressions with the dependences derived from the experimental data for the SiO 2 :Si system [2] . Fig. 1 shows the R(t) dependence deduced from the results presented in Fig. 4 of the paper [2] . To plot this dependence, we used the values R corresponding to the maximum of F(R) at different annealing times t. In terms of the theory [8, 9] , the R(t) dependence should be fairly well described by the following function:
where α is a coefficient associated with the interface tension between the two phases, and D is the diffusion coefficient of Si in SiO 2 at the temperature of annealing T.
As evident from Fig. 1 , the experimental and theoretical data do not conform with each other. Several dependences R = A⋅ t 1/3 shown in Fig. 1 were computed for different values of A selected from the condition of best fit for the experimental R(t) dependence at t = 15 min, 30 min, 60 min, and 120 min.
The total number of the new phase nuclei M, according to [8, 9] , should decrease with time as
where Q is the total initial level of supersaturation; ω = 2α/(NkT)
N is the actual concentration of the «gaseous» Si component in SiO 2 . Furthermore, though no comprehensive data on the time dependence of M are available (since it is quite difficult to detect in the SiO 2 matrix silicon precipitates smaller than 2 nm), there are sufficient reasons to claim that description of the experimental dependence M(t) with Eq. 2 also runs into problems. For example, it follows from the paper of Komoda et al. [2] that the number of smallest-size (2 nm) precipitates decreases with time more slowly than 1/t, while the number of 16 nm precipitates is even growing. This type of time dependence of the number of nanoparticles of small (2 nm) and large (16 nm) sizes results in F(R) transformation from the usual Gaussian function to a bimodal curve when the annealing time is increased from 15 to 120 min. This effect is accompanied with a spectral shift of the photoluminescence bands, which, in the opinion of the authors of some works [2, 3] , was in a fair agreement with the time dependence of the size of light-emitting nanoclusters.
Spectral and temporal filtration of the signal performed by Blonskij et al. [10] has suppressed the background associated with the luminescence of defects in SiO 2 , and thus revealed a finer structure of the photoluminescence bands in the spectral range of 650 to 1000 nm, which can be attributed to the emission from silicon nanoparticles. Using the results obtained by two groups of investigators [5, 6] , one can estimate by the positions of the band maxima (660, 740, 870, and 1000 nm) the nanoparticle sizes corresponding to these discrete bands as 3.6, 4.1, 5.2, and 5.8 nm, respectively. This observation of the discrete band structure was ascribed [10] to a multimodal nature of F(R). It should be noted that the experimental dependences [2] , which illustrate the transformation of F(R) from the Gaussian to a bimodal curve, are not smooth and allow an additional modulation of F(R) in the domain of small R (2 to 6 nm). A multimodal F(R) dependence in a system of Si nanoclusters was revealed [7] also for deposited SiO x films (x < 2) subjected to isothermal annealing in nitrogen ambient at 800°C. In the photoluminescence spectra of such samples, three intense and several weaker bands, which were also attributed to the nonuniform and strongly asymmetrical shape of F(R), were detected [7] . Therefore, the above experimental data demonstrate a complex nature of the formation and evolution of Si nuclei in SiO 2 . Their explanation requires a further development of the theory that should describe in more detail the processes of new phase nucleation in high-concentration solutions under the conditions of supersaturation.
3. It is well known from the kinetics of the phase transitions of first order that, when a solution reaches a certain level of supersaturation, nuclei of the new phase are starting to emerge. Spherical nuclei become stable when they exceed the critical size R C , which is determined from the condition of free energy minimization and is described by the following expression:
where ∆µ = kTln(N/N 0 ) is the difference of chemical potentials for the atomic particle in different phases, N 0 is the concentration of defects in the case of thermodynamical equilibrium. Precipitation of the new phase nuclei decreases the initial level of supersaturation, so that the nuclei formed at the subsequent stages can only be larger than R C . The process of coalescence somewhat modifies the character of R evolution in time. However, as evident from [8, 9] , it is quite difficult to explain the multimodality of F(R) in the framework of the existing theoretical concepts of coalescence. The point is that, when considering the coalescence stage, the initial concentration of the solution is usually assumed to be insignificant, so that the emerging nuclei of the new phase are so distant from each other that their mutual influence can be neglected.
Let us try to lift this assumption and analyze the effect of particle-particle interactions on the shape of F(R). This approach to interpretation of the experimental results appears to be reasonable in view of the very high initial concentration of the SiO 2 :Si solution (for the case of ion-implanted samples under discussion, the concentration of Si in SiO 2 is as high as ~10 22 cm -3 !). Therefore, for a system of this kind we will assume that a very high concentration of the dissolved substance and long annealing give rise to such a large number of Si nanoclusters of close sizes that one should take into account interactions between them in the space of sizes. The role of the field mediating in this interaction is played by variation of the supersaturation level. The process of interaction in the space of sizes can be qualitatively presented in such a way that dissolution of a «subcritical» nucleus and the growth of a «supercritical» nucleus at its expense depends on the presence in its vicinity of another nucleus with a similar size which would be its competitor in the growth process. Thus, we can speak about a repulsive interaction of nuclei with the same R in the space of sizes. Obviously, the very fact of the presence in the solution of new phase nuclei with fixed sizes excludes the possibility of nuclei of the same size appearing in its vicinity, if only because of the local decrease of the initial supersaturation level. Therefore, the formal assumption about the interaction in the space of sizes makes it possible to describe a correlation between the possible sizes of the new phase nuclei. It means that we can speak about a generalized interpretation of a single-particle function of size distribution F(R) as a conventional distribution described by the correlation function [12] , when the zero count is taken at the zero size of an inclusion corresponding to the infinite supersaturation. A similar interpretation of the distribution function in the usual space is used to describe the liquid phase [12] , when the concept of single-particle functions becomes incorrect because of a significant interaction.
Starting from this assumption, let us try to explain the nature of the experimentally observed F(R) multimodality. For this purpose, one should write down and solve an equation for the correlation function of distribution, taking into account the interaction in the space of sizes. Using the superposition approximation in the theory of liquid [12] , we can express the equation for the correlation function g 2 (R 12 ) as 2  12   2  12  13 1  13  2  13  2  23  2  13 , (4) where ∇ i V(R ij ) is the derivative of the potential energy of the interaction between clusters sized R i and R j , while the operator ∇ i denotes the derivative with respect to the appropriate size. The solution of this equation can be represented in the Boltzmannian form, in terms of the potential of two-particle interaction and a potential tail that arises because of its modification due to the role of indirect interactions [11] :
where τ(R 12 ) is the component of the solution not accounted for by the direct interaction. For many potentials of interaction, this solution is known and has an oscillating character similar to that exhibited by the experimental data on size distribution. The first maximum of the g 2 (R 12 ) dependence for the interpretation proposed corresponds to such a size that smaller inclusions of the second phase are thermodynamically unfavorable. This size is determined by the maximum level of supersaturation and can be assessed using equation (3 , which corresponds to typical experimental situations, we obtain R C ≈ 3 nm. One can see that this calculated value of the first maximum of the size distribution function is in reasonable agreement with the data obtained by structural analysis [24] .
Therefore, it is logical to interpret the observed multimodality of F(R) in the system of second-phase nanoclusters as a conjugation of cooperativity of their prop-ÔÊÎ, 1(1), 1998 SQO, 1(1), 1998
erties taking into account the interaction in the space of sizes. Effective interaction in the space of sizes, and thus transformation of the F(R) dependence from the Gaussian to a multimodal shape, is facilitated by high concentration of Si in SiO 2 , while the sharpness of the maxima increases with the annealing time. Finally, we would like to conclude that the above discussion of the reasons for the appearance of F(R) multimodality in the SiO 2 :Si system is mostly qualitative. It has not yet explained a number of processes, such as the influence of the annealing ambient on the process of new phase nucleation and evolution in a supersaturated solution, though this influence is quite evident [2, 7] . Nevertheless, the «liquid» approach proposed in this work to explain the process of new phase nucleation in high-concentration solutions, such as those considered in the present paper, could be helpful for developing physical foundations for creation of a system of semiconductor quantum dots with designated properties, whatever the ultimate answer may be to the question about the nature of the radiative processes observed. This work was supported by the CRDF UP1-368 grant. Ðåçþìå. Îáîáùåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, ñâèäåòåëüñòâóþùèå î ïîëèìîäàëüíîñòè ôóíêöèè ðàçìåðíîãî ðàñïðåäåëåíèÿ êðåìíèåâûõ íàíî÷àñòèö â ìàòðèöå SiO 2 â ñëó÷àå ñèëüíîãî ïåðåñûùåíèÿ ðàñòâîðà SiO 2 :Si êðåìíèåâîé ñîñòàâëÿþùåé. Äëÿ îáúÿñíåíèÿ ïðèðîäû ïîëèìîäàëüíîñòè ïðåäëîaeåí «aeèäêîñòíûé» ïîäõîä â îïèñàíèè ñòàäèè êîàëåñöåíöèè, îñíîâàííûé íà ó÷åòå ïðîöåññîâ ìåae÷àñòè÷íîãî âçàèìîäåéñòâèÿ â ïðîñòðàíñòâå ðàçìåðîâ. Ïðåäëîaeåííûé ïîäõîä ïåðñïåêòèâåí äëÿ ðàçâèòèÿ ôèçè÷åñêèõ ïðèíöèïîâ óïðàâëåíèÿ ñïåêòðàëüíûì ñîñòàâîì è èíòåíñèâíîñòüþ èçëó÷åíèÿ êðåìíèåâûõ èçëó÷àòåëåé ñâåòà.
